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DISTRIBUTION OF TEMPERATURES OVER AN AIRPLANE ^INQ 
WITH REEERENCE TO THE PHENOMENA OP ICS FORMATION* 

Ey Edmond Brun 

The most dangerous form of icing of an airplane occuro 
when it enters a cloud formed of surfused water droplets. 
The impact of the liquid droplets on the leading edges of 
the wings promotes a discontinuance of the metastaole con- 
dition which determines the surfusion, and a layer of ice 
is formed rather quickly on the edges which may, in par- 
ticularly severe cases, exceed 2 centimeters in thickness 
within 1 minute. At the same time, the icing continues to 
spread over the airplane, starting at the already-formed 
crystal s . 

The results obtained from the present study of tem- 
perature distribution over an airplane wing afford means 
for making the following statements as regards the condi- 
tions of ice accretion and the use of a thermic anti-icer 
or de-icer. 

1. To hegin with, it is ohvious that ice can form on 
a wing only when the temperature is "below or hovering around 
zero.** Since every part of the airplane has a higher tem- 
perature than that of the atmosphere, the cloud temperature 
must "be helow 0*^ in order to he ahle to promote freezing. 



"Repartition des temperatures sur une aile d 'avion - 
Application aux phenomenes de givrage." Publications Sci- 
entifiques et Techniques du Ministfere de I'Air, No. 119, 
1938. 

** However, it is pointed out that the hygroscopic state of 
a cloudy atmosphere can he "below 1 (0.9, for example); the 
water deposited on the leading edge may evaporate in part, 
heing accompanied hy an absorption of 600 calories per gram, 
vaporized. Due to this fact, the temperature of the water, 
supposedly equal to 0«5^, for example, drops to 0^ and 
freezes in part, since only 80 calories per gram of ice 
formed, is released. It is easily seen that the evapora- 
tion of a gram of water is accompanied "by the freezing of 
about 7 gro.ms of water. 
(Continued on page 2.) 
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To illustrate; In the case of an airplane flying at 
300 k^p.h, (186 m,p.h»), the atmospheric temperature should 
"be below ahout -1.5^. In level flight and at an atmospher- 
ic temperature of -2^, ice forms only on the upper surface 
of the wings; observations, moreover, confirm that for the 
cases of ice formation obtained at much higher temperatures 
it is largely confined to the upper surfaces of the wings. 

Objections to the foregoing may be voiced that numer- 
ous cases of ice accretions have been recorded at 0 tem- 
perature but, lot us remark, the so-called ''atmospheric 
temperature" was read on a strut thermometer subjected to 
the same causes of heating as the airplane itself, so that 
the temperature of the cloud was certainly lovrcr than that 
reco rdcd . * 

t? • The thermic effects produced on contact of the 
air with the moving wing rather oppose ice accretion; this 
is one of the rare cases when the reduced energy produced 
during a motion is able to serve some purpose. Since the 
differences in temperature between the various points of 
the airplane and atmosphere increase substantially as the 
square of the speed, an increase in airplane speed should 
lower the frequency of ice-formation cases. Thus, on very 
fast airplanes - say, of 500 k.p.h. (310 m»p,h.) - no ice 
will accumulate on certain parts of the wing unless the 
ambient temperature is -4,5^.** 



(Continuation of footnote from previous page) 

This explains why, in a foggy and nonsaturated o.tmosphere 
incidences of icing may be observed on airplane wings at 
above 0*^ temperature (in particular, Rebuffet's observa- 
tions in the Chalai s-Lleudon wind tunnel). In the follow- 
ing, it is assumed that the hygroscopic state of the freez- 
ing cloud is 1 and, consequently, that no ice accretion is 
observed on a wing unless the temperature is at lea.st 0 . 

*Furthermore , according to the previous footnote, if the 
hygroscopic state of the atmosphere is below 1, the ice ac- 
cretion m.ny occur at higher temperatures than previously 
indicated, but these temperatures are always lower than 
those prevailing if the thermal effects due to friction, 
did not intervene. 

**These conclusions are based on the data from heat moasui^c 
mcnts of bodies moving in air; the mathematical results 
will probably be a little different for bodies moving in 
fog, but the qualitative conclusions will be the same in 
both cases. 
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3. The thermic procedure in the fight against ice 
accretion on the wing consists in electrical heating of 
the leading edge, and the most promising method seems to 
he that which consists iji covering the outside of tlie 
leading edge with a superficial resistance. 

The dangerous cases of ice formation generally occur 
at atmospheric temperatures aoove -8^, that is, at wing 
temperatures a few degrees "below 0. In order to maintain, 
in flight, the leading-edge temperature a little ahove 0, 
or in other words, for the anti-icing, the electric power 
input does not seem to oe groat: around 0.5 kilowatt per 
square meter at --1^ , and at a 300 k.p.h, (186 m^p.h.) spoe 

The effect of airplane speed on the effectiveness of 
the de-'iccr is largely dependent upon conditions of usage. 
A speed increase has a twofold thermic effect: first, the 
coefficient of convection increases, which tends to lower 
the temperature (proportional to the speed); then the fric 
tion increases, which tonds to raise the temperature (pro- 
portional to the square of the speed). 

The entire experimental stud;/ of the operation of a 
Badin antenna-typo de-icer was made hy Jampy, Lecardonncl, 
and the writer (Revue Aeronautique Internationale, no. 19, 
March 19S6 , p. 68 )• The results ooing qualitatively the 
sam.e in the case of a leading edge, I "believe a reproduc- 
tion of the diagrams should prove of interest. Figure 1 
shows the difference in temperature "between the antenna an 
the air against the speed for a, constant heating. It is 
readily seen, on the curves how, starting at 300 k.p.h, 
speed, it is advantageous to lower or raise the speed in 
proportion as the heating of the experimental antenna cor- 
responds to a power output of more or less than 16 watts. 
Figure 2 shows the electric _pov;cr w necessary in the 
antenna plotted against speed, in order to keep the tem- 
perature difference "between air and antenna constant. We 
"believe that this povrer first increases with the speed, 
reaches a maximum, and then decreases. Figtires 3 and 4 
illustrate the effect of altitude on the temperature dif- 
ference or the heating: high -altitude favors operation of 
the de-icer. 

4. It seems that the formation of ice on the wing 
ought to he accomiDanied hy a temperature rise which hrings 
the accretion to 0^; for example, the discontinuance, on 
contact with the wing, of the surfusion of the liqiiid drop 
lets at -6^ should induce (if nothing else happened) the 
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water to freeze to 8 percent, vrhile the solid-liquid mix- 
ture shocild reach 0^ temperature. In fact, it is proper 
to remark that the saturation pressure of the ice-wa.ter 
mixture at 0° (or, to he more exact, at the temperature of 
the dripping point, itself very close to 0^) is hif^hor 
than the saturation point of water superfused to -6^; an 
evaporation, very much intensified hy the wind, is there- 
fore produced at the wing, which causes considerahle freez- 
ing and may also lov^er the temperature if the ice happens 
to DC dry. 

All we can affirm is that, following a deposit of ice 
the temperature of the wing rises prohahly close to 0^' un- 
der certain conditions. 

5, If the thermic effects of friction favor the op- 
eration of the thermic anti-icer, the functioning of the 
de-icer is facilitated hy the release of heat which accom- 
panies the deposit of ice. 

Suppose, for example, that the airplane flies in such 
a cold fog or mist that the electric power consumed hy the 
electrical resistance which covers the leading edge of the 
wing is insufficient to provide a, tem.perature ahove 0 : 
icing results. Since the rrinr^ heats up" during the icing, 
the electric power consumed in the resistance will then 
allow of attaining more, readily the melting temperature of 
the ice, and the de-icing will he followed hy separation 
of the thin ice film that coats the wing. This phenomenon 
recurs periodically and prevents the formation of a hig 
hump of ice on the wing. This is one method of operation 
of t\ic electrical device which, like the anti-icer, pre- 
vents any deformation of the profiles even during very low 
weather. It ought to oe possiole to \ise it in the major- 
ity of oases without excessive power consumption. 

6. Supposing that the electriccal device does not 
function as outlined ahove - v/hcthor hecaiise the ice that 
forms maintains a low temperature or hecause the icing 
was not CDserved soon enough; Then, it is a question of 
separating the solid hump which covers the leading edge^hy 
creating a film of water oetwoon the wing and .the ice with- 
in less than 2 to 3 miinutes. 

The convection no longer plays an e s sen t ial . par t since 
the isolating layer of ice- opposes an oostacle to thermal 
exchange hetween wing and atmosphere; a cursory calculation 
shows that 5 mm coating of ice should, on a fast airplane, 
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decrease tlie thermic exchanges v:ith the atmosphere in the 
ratio of ahout 1:8 if the permanent regime is attained. 
It may therefore "be supposed, especially when the regime 
is variable, that the wind of the airplane doas not affect 
the temperature of a wing heated and coated with a heavy 
layer of ice, very much. ' This fact makes it possihle to 
study the prohlem of de-icing on a wing at rest that "is, 
to say, in the wind tunnel. The following contains the 
essential data ohtained from this study. 

a) Figure 5 shows the curve giving the energy required 
(in kilo-joules) to separate the ice (suhject to a very 
slight lift) from an area of 1 square meter, plotted against 
initial temperature of the iced surface, (During the sep- 
aration, the surface is in a thermostat with initial tem- 
perature. ) It is seen that the energy required for de- 
icing increases ahout 14 kilo-joules per square meter for 
1*^ drop in initial temperature of the surface; in addi- 
tion, the ordinate to the origin Df the curv6 is also equal 
to ahout 14 kilo-joules: this is the amount of energy nec- 
essary for separating the ice at O'"' (l cv consumed du.ring 
19 seconds).* Thus in the case of -5^ initial temperature, 
it reqiiires five times more -energy to "bring the outer sur- 
face to 0^ than to melt the adhering ice film. Ohviously, 
this result is largely dependent upon the constitution of 
the wing, and much upon its thermic capacity as well as on 
the thickness of the ico. However, the value of the ordi- 
nate at the origin, 14 kilo-joules, is not affected hy the 
constitution of the wing and the thickness of the ice, 
which gives this figure a certain value.** 

h; T7hen de-icing is. effected during a xCJ!iahle_peripd 
the energy input certainly has some hearing on it. To he- 
gin with,. when nearly all the energy is supplied at the 
place where the actual -effect is produced, it is of advan- 

*This energy promotes the melting of ah out 42 grams of 
ice, and consequently, the formation of a film of water 
hetwoen the ice and the wing of around l/20 mm thickness. 
**The importance of the energy necessary for heating the 
wing emphasizes the interest of an outside heating of the 
wing, employed in our tests. The study of the heating 
curve shows, moreover, that the ice separates when the 
te.mperature of the inside wall is -St^/S , if the initial 
temperature is -.t". On the contrary, with internal heat- 
ing tlie inner surface must he brought ahove zero in order 
to assure separation. The gain in energy is therefore 
quite plain. 



6 



n.A.C.A, Technical .Memoranduin ITo • 885. 



ta.^;:e to increase the electrical power. Figure 6 sho^s - 
plotted a4:ainst the po^ver in kilowatts per square meter - 
the curve of the energy in kilojoules per square meter re- 
quired to de-ice a surface, at --4^, coated with a 6 mm 
layor of ice. It is seen from this curve that, "by supply- 
ing Z kilowatts per square meter poorer, it requires an en- 
ergs'- tv/ice as small as with 1 kilowa.tt per square meter or, 
in other v/ords, the ice separates six times faster in the 
first case than in the second (13 seconds instead of 83),. 
This has made it seem to "be of advanta.^e to divide the 
surface to "be de-iced into several sections v/hich may "be 
de-iced successively (each section including two symmetri-* 
cal portions in relation to the axis of the airplane). 

A. THEORETICAL STUDY OE TEMPERATURE DISTRIBUTION 
ABOUT A SOLID II07I1J& 111 A ELUID 
I. Distribution of Speed Around an Ohstruction 

Visualize a cylindrical fluid jet of velocity Vq (a,t 
infinity). When the fluid approaches an ohstacle - say, an 
airplane wing, the velocity field ceases to he uniform. In 
a permanent regime and in the vicinity of a solid, it is 
necessary to consider the boundary flayer where, as a result 
of the viscosity, the solid decelerates the fluid. The ve- 
locity of the fluid - zero at some points, M at the wall - 
increases rapidly when one descrioes the normal to "the wall 
at point M; it speedily reaches a value v that changes 
only very slowly and which is generally termed the "local 
velocity at point M of the profile.'' After velocity v 
has "been reached, we are outside the "boundary layer in the 
£xe e_f lu_i d The velocity v is only approximated "because 
the change from "boundary layer to free fluid is gradual • 
there certai'ily is no disccnt inuity in the velocity field. 

In aerodynamics it is assumed that, outside of the 
boundary layer and the wake, the phenomena com.ply with the 
laws of perfect fluids. Another assumption is that, if 
the radius of curvature at point M is not very small, the 
pressure does not change in the "boundary layer when dis- 
placed orer the normal to point M; the pressure is there- 
fore the same at the wall and in the free fluid ^7here the 
velocity is v. It is not necessary to discuss these as- 
sumptions since they are the hasis of many wind-tunnel 
tests and constitute, very likely, a sufficient approxi- 
mation for the calculations resorted to. 
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ITovr tlic pro'bloin of velocity di s t r ilDUt ion o.T:)out an air- 
foil reduces to the measurenent of the pressures at the \7all, 
provided that for a perfect fluid the relation hetween the 
pressure p of the fluid at a point and its velocity v at 
that point, is kno\7n. The various assumptions which allow 
the fornation of such a relationship are hriefly sunmarizcd. 



As first appro::ir.iat ion , it is ^f:^enerally ansuncd that 
the pressure changes in the fluid are not accompanied "by 
changes in volume or temperature and, consequently, "by no 
change in internal energy - v/hich is briefly expressed 
(perhaps a little too summarily) jy saying that the fluid 



incompressible.'"' The whole fluid flow can thus he con- 



sidered as being isotherm.ic; the exchange of heat within 
the fluid is zero and all passing phenomena arc adiabatic, 
Under these conditions, the application of the energy- 
conservation principle to a fluid filament leads to Ber- 
noulli 's formula. 



Consider a 
ously at point 
M of the wall, 
pressure is 

velocity is v 
the time interval 
volume AV 



Po 



V3ry thin filament \7hich passes simultane-* 
A upstream fromi the obstruction, and point 



and the 
^t noint M the 



The velocity at point A ii 
(defined by static tube); a-^ 
and the pressure p. The outflow during 
At is Am; it occupies the constant 



The principle of the conservation of energy is 



p AV, + ^ Am v^ = Po AV, + ^ Am v,^ 



or, if 



is the constant specific fluid mass 



T) 1 o 1 ' 

4- - v^ = --^ + V,' 

p 2 p 2 0 

^0 ' 0 



(1) 



and the equation of the velocity 



V 



at TDoint M is: 



v2 = 



- p 



At high velocities the pressure changes hecom.e very 
significant, and it is im.possihle to suppose that they do 
not entail changes in volum.e or temperature. However, 
since the change in temperature with the pressure (and con- 
sequently v;ith the velocity) is taken into account, it 1^ 
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more difficult to srant that the transformations produced 
in^an air filament are adial^atic; the adjacent filai?.ents 
which have not the same velocity, have no longer the sane 
tenperatiire and heat exchanges produced among themselves,* 
Therefore, even the fluid is assumed to "be conpre s s ihle 
and expansihle, tto would simply ohtain an apprcximate re- 
sult "by applying the principle of conservation of energy 
to a thermically isolated fluid filament: this second ap- 
proximation forms the Saint-Venant and Wantzcl formula. 



Consider the air filament that passes through points 
and M, If p^ in the pressure, , the s-oecific 



wo ight 



Po 



■0 ' 



ahsolute temperature, and 11^, internal 



specific energy of the fluid at poin- 



A, where the veloc- 
ity is v^^ , and if p, p, T, and U are the correspond- 
ing quantities at point M where the velocity is v, the 
principle of the conservation of energy allows us to write 



p AV + 2 Am v^ + Am U = p^ AY^ .+ Am Vq^ + Am Uc 



0 r 



(3) 



Vt^ithout incurring any greater errors tha^n those intro- 
duced oy the approximations so far, the air can he consid- 
ered as a perfect gas, so thp.t : 



p 

P 



(c^ - c^) T: 



U :n c. 



Equation ([^ ) then hecomes: 



whence 



(4) 



+ 2c 



pre s 
whi c 
t rop 



The velocity 
sing the value 
h ties the pre 
ic expansion of a nerfect 



•pre s sure 

of T/T^ 
issure to 



relation is estaolished "by ex- 
with the aid of the relation 
the tcm.Deraturc in the isen- 



Tremhlot (Report 
velocity, hence eq 
the same section, 
significant . This 
where the velociti 



no. 10 of this series) estahlished equal 
ual temperature in adjacent filaments of 
The heat exchange consequently is in- 
holds true even more near ohst ruct ions , 
es in the same section are no longer equal. 
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It iG, according to the Saint-Venant and Wantzel for- 



mula 



v'=^ = v^'^^ + 2c 



2 4- pr> rf 



■D ^0 



1 ) 



(5) 



On comparing tho results "by Bernoulli's formula (first 
approximation) with those hy the Saint-Venant and T7antzel 
formula (second approximation), the discrepancy will not 
exceed 1 percent for velocities helow 100 meters per second, 
At low velocities equation (2) or equation (5) can oe used 
for com.puting the velocity v, starting with pressure p. 



II. Hi J:Jtri out ion of Tem-oerature s Around an Ohstacle 



Saint Venant's iorm.ula in the form of equation (4) 
gives the relation "between the velocity of the fluid at a 
"Doint and its tomDerature as 



y2 y 

+ n ni _ — 

2 ^ ^p " - ; 



^ ^"D ^0 



(4) 



or, if the value of the velocity is replaced l3y its expres- 
sion in function of the pressure (equation (5): 



1 - r-^ 



when c e 
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or 



= - T I I 
■0 0 L 



<Po> 



(6) 



Equation (o) thus affords the possioility of knowing 
the temperature distri"but ion in an air filament \vhich winds 
around an obstacle "by measuring the prec^sure on the ohsta- 
clc . 

A simpler expression for tempcratiiro T at point M 
can he ohtainod from an exchange of the velocity v, in 
equation (4), for its value hy Bernoulli's formula (equa- 
tion (l ) : Then 



+ c.^ T = - 



Po 



+ ^-0 ^0 



w.ie r e 



or 



T . - 



Po «l 



(P, - P) 



(7) 



m m — ^ m 
^ -0 - ^0 



/ p \ 

\ Po/ 



(7 his) 



It may seem illogical to resort to ooth Bernoulli's 
and Saint Venant's formulas in estaolishing formula (?), 
hut this contradiction appears only at lo\7 velocities, as 
we have seen that the two expressions of the velocity 
yield practically the same result. I" the case of p/Pq = 
0.95, corresponding tc a velocity change of the order of 
100 meters per second, equations (6) and (?) give results 
differing scarcely 2 percent- Lioreover, equation (7 "Ois) 
follows directly from equation (6) and is, we assume, p/Po 



near 



to 1 ( 



I.e. 



m.all oof ore 



Po)- 



III. Distrihution of Temperatures Over 
the Wall of an Chstruction 



The numerous measurcmen^t s m.ade on the thermic ^phenom- 
ena produced hy the displacement of a solid in fluid (cf . 
report No. 63 of this series) have led us to state that 
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the t emperatnro 9 of a point M on the \7all is higher 
as the temperature T of the free fluid is closer. The 
temperature difference (G - T) existing oetT.'-con the txro 
edges of the boundary layer depends upon the viscosity and 
the thermal conduct ihil i ty of the fluid, hut practically 
little on the wall; particularly, the radius of curvature 
of this wall does not intervene. If v is the relative 
speed of the solid and of the free fluid at point M, we 
may write : 

6 ^ T = A v^ (s) 



where A is a constant for a fluid under certain condi- 
tions. For ai^:* near normal conditions and speed in cen- 
timeters per second, the con-stant A' is close to 4.10'"®. 

To find the temperature difference (6 - T) at vari- 
ous points of the profile, nimply replace in eq^^ation (s) 
the relative speed hy its v.^lue given in equation (5): 



/ P 

1 - (— : 



(9) 



If rostrictod to the range of lot; speeds ("Delow 100 
m/ s ) , Eernoulli's more simple equation can "be used, vyhence 



9 - T 



(p, - P) 

3+2 — ^ 



(10) 



!Mow vie understand the process of tlie passage of tem- 
perature T of the far-off fluid to the temperature 9 
of point M of the solid in the fluid flow. The first 
temperature change T - Tq is the result of the adiahatic 
compression, and the expansions around the ohstacles; dur- 
ing these pressure cha,nges tlie fluid is considered per- 
fect and the changes are reversihle. The second tempera- 
ture change hecomes manifest at the tine of traversing the 
"boundary layer; here the viscosity intervenes and the ther^ 
mic effect is "by nature largely irre ver sihle . T7e express 
the temperature difference as: 

6 - T^ = (6 ^ T) + (T - Tq ) (11 ) 



with allowance for the compr e s-si Dili ty of the fluid (equa- 
tions (o ) and (9 ) : 
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e - = - 



-(I;) 



+ A< 



0 r 



(2c^ A-l) 



(12) 



Assuming the fluid incom-ore s sililc (equations (7) and 
(10)), it is: 



P c 



0 -J 



o r 



6 - T„ = Av„2 -1- :.-0 



P - TO / -t 

-— - 2A — 
Po ^ =p 



(13) 



A "better comparison of the numerico-1 values obtained 
Dv the two equations is afforded "by replacing in equation 
(r2) the value of the temperature hy its expression 



c^ - c, 



) 



___Po_^p_ 

P (c --C ) 

"^0 T) V 



1 - f^--) 



2A 



(12 -bis) 



This relation reduces to equation (13) in the partic- 
\ilar case where p/Pq approaches 1. Supposing p/Pq = 
0.96, which, for instance, is the case of a l«cal veloci- 
ty of 130 ra/ s rith a velocity at infinity of 100 m/s; ap- 
plied to equation (13 ) , we find then: 



e - T„ = Av„^ + (2A - -- ) 0.0400 



Po 



"70 
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and equation (12 *bis) becomes: 

0 = Av^"^ + -^-^ (zk ^ ^) 0.0406 

Exnressed in cm-g-s units, with A = 4x10 , p- = 

o 

19.1, = lo'^ orgs/gram, the values for the firct case 

are 3,5:^3^, and for. the se cond, 3 . 323^ • So long as 
|(p/Po) ij is l^ss 0.04, the a'bsolute error does not 

exceed l/lOO of a degree. This condition was ordinaril^r 
complied with during the experiments related hereinafter. 

However, if p/Pq should oecome definitely different 
from 1, eauation (12) is Toreferahle. Suppose = 0.8, 

which is the case of a local velocity of 210 m/ s with a ve- 
locity at infinity of 100 m/ s (customary in aviation); then 
.equation (13) gives +0.66^, while the more exact equation 
(12) gives +0.55^, the error amounting to 0.16^. 

17. First Experimental Check 



In report No. 63 (p. 67) of this series, equation (13) 
had "been arrived at oy a somewhat summary argument. 
had figured, in the formula, the theoretical value ^f the 
constant A (V^k). 

Experiments made on 2 cm diameter cylinders (ch. VII, 
p. 5?) led to a t emperature-di s t r ihut ion curve, the shape 
of which agreed with that of the theoretical curve. 

Ln view of the importance attaching to the knowledge 
of the temperatures on an airplane wing, it seemed prac- 
tical to repeat the experimental measurements, first on a 
model wing,* then on a full-sized wing. The advantage of^ 
these., wind-tunnel tests over those made previously, is the 
concurrent determination of hoth the temperature and the 
pressure distrihut icns . 
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B. EXPERIMENTAL LAY-OUT FOR STUDYIITG THE TEMPERATURE 
DISTRIBUTIOIT OVER All AIRPLANE 17ING 
!• Principle 



To study the temperature dist rihut ion over a wing 
mounted in a v;ind tunnel, several metallic masses are dis-* 
trihuted over an identical straight section, "being huilt 
in flush in the insulating suhstance of the wing. Each 
one serves as a pressure tap, constituting one of the 
junctions of a copper-con s tan tan thermocouple; the other 
Junction is formed hy a small cylinder R located in a 
part of the jet not disturbed hy the wing. 

During a measurement effected at a certain wind speed 
all temperatures of the metallic masses are successively 
compared with those of the junction of R. In addition, 
hy virtue of the disposition of junction E, if the tem^ 
perature of the air entering the tunnel changes during the 
test, the temperature differences indicated "by the thermo- 
couples are not affected and it hecomes useless to deter- 
mine the air temperature exactly. 

In a comparison of the theoretical and experimental 
results, the pressure distrihution must he known. Hence, 
the wing was fitted with pressure orifices - symmetrical 
temperature orifices with respect to the plane of symmetry 
of the wing (fig, ?). 



II. Original Arrangement 



Mr, Lapresle, Chief Aeronautical Engineer, had placed 
at my disposal a (rottin£:en airfoil section No. 387, while 
I started to make a small model of it for preliminary test 
ing in the small tunnel (1.80 m jet diameter) at Issy- les 
Moulineaux. 

This model, of solid wood, of 1*10 m span and 0,22 m 
chord, had 12 pressure and 12 temperature orifices as in- 
dicated in figures 7 and 8. 

Each temperature orifice is fitted with a copper tap 
as presented in figure 9 (dimensions in tenths of milli- 
a'^tfers;, which fits flush in the wood, the surface AB he- 
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ing finished to give the smootheGt possi'ble wing surface, 
A 0e2 mn dianeter copper v.-ire and a 0,2 nu diameter con- 
stantan v/ire are soldered in the cavity C, "both \7ires 
passing through the wing in a groove parallel to the gen- 
erating lines; they emerge on the right side of the wing 
(fig. lO). At the point of emergence the 12 constantan 
wires are interconnected an.'^. joined to the constantan wire 
of the reference junction (visible "below the wing in fig. 

10) . The difference in potential S, "between the copper 
wire of, say, tap 2, and the copper wire of tap E, gives 
the difference in tem-oerature hetween tan 2 and tar) R (fig. 

11) . 

The pressure ta.ps are small hollow copper cylinders, 
of 0,5 mm diameter inside, and 3 mm diameter outside, set 
in the wing. The same grooves which, on the right side of 
the wing, serve for the copper and the constantan wires, 
are used on the left side for the 12 copper wires which al- 
low the successive joining of the pressure leads to the 
■manometer. The tuhes are long enough to permit their con- 
nection with the ruhher tuhing outside of the air stream 
of the tunnel. - - 



III. Second Arrangement 

The equipment' for the full-sized wing (5- "by 1-meter) 
was made in the shop at Ghalais-Meudon . The section with 
the pressure taps and the section with the temperature 
taps are symmetrical with respect to the plane of symme- 
try of the wing and 0.41 m away from it. The orifices, 13 
in numter, are divided over the top and "bottom in the same 
way, as indicated in figure 12. 

Each temperature tap, formed Ijj a small piece of cop- 
per, is set into the wing; the : ing "being hollow, the fit- 
tings are somewhat different. The constantan wires sol- 
dered to the different pieces of copper, terminate at one 
point C inside tho wing (fig. 13); "between the tap and 
point C, all wires are of equal length (l m), so that the 
resistances ef the thermocouples will "be the" same. At this 
point C also terminates the constantan wire of the junc- 
tion R, lecated outside the zone of influence of the wing. 
The difference in potential "between the copper wire junc- 
tion R and the copper wire of a tap - say, 2 - serves to 
measure the difference in temperature "between tap 2 and 
junction R. 
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The pressure taps lead directly to a multiple manom- 
eter which allo^vs the determination of every pressure at 
the same instant, hy photography, while a manometric tuoe 
hooked to a pitot tuhe gives the speed at infinity Vq at 
the sam.e instant. 

Figure 14 gives a view of the hook--up. The wing is 
mounted on a faired metal spindle and permits angle-of- 
attack changes. The copper wires of the thermocouples, as 
well as the ruhher tuhes leading to the manometer, pass 
through the flooring to the floor below, where the measure- 
ment s are made . 



IV, Temperature Recording 

By connecting a galvanometer between the copper wire 
of junction R and that of the particular tap, a"^ deflec- 
tion is obtained which depends, on the tem.perature differ- 
ences between the two junctions (i.e., on the thermoelectric 
elect roLiotive force) and on the total resistance of the 
circuit* This second variable can be eliminated with ther- 
mocouples having the same resistance and using the same 
length of constantan wire between junction H and each of 
the t<aps, and the sa,me length of copper wire between the 
galvanometer and each tap. Naturally, the galvanometer 
itself is calibrated by means of a thermocouple identical 
with one of those used in the installation. A multiple 
switch installed as shown in figure 13, affords in a few 
minutes, the various temperature differences corresponding 
to divers taps. Tilth the "Kipp" type galvanometer employed, 
it was easy to measure 0.01^. 

"^ith. the first arrangement vq had installed a compen- 
sating method for measuring the thermoelectric electromo- 
tive forces. In view of the timing factor involved in or- 
der that the comparison of temperatures at the different 
points reaches the wing in the same thermic stage, the in- 
stallation of the opposition serves only to check from 
time to time, the results from the deflection m.ethod, em- 
ployed in all measurements. 



V, Pressure Recording 



The manometer gives direct, the pressure difference 
p - Pq between the tap to which it is connected and a 
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static tulDe located in the undisturbed jet. A pitot tute 

supplied the value p v v/here o and v are the 

' o o ^ ' ' o 0 

specific weight and the speed in the undisturbed jet. It 
is recommended computing, for interpreting the results, the 
(p - p^ ) 

results ^ o-T'" s » '.Thich alone Is figured in the tables. 

(Po ^0 

MODEL 'TEST DATA 
I. Principles of Measurements 



The measurements v/er-e started in June 1935, in the 
small v/ind tunnel at I s sy-1 e s-'Moul ineaux , 

Since it was possible to change the incidence of the 
wing in the air stream v/ithout stopping the tunnel, it was 
possible to effect, in permanent regime, a complete set of 
measurements (determination, at various incidences, of - 
1) the wind speed; 2) the temperature at i;^ points of the 
wins ^ the pressure at these same points}. It is true that 
the incidence variation occasioned a, concomitant change in 
wind velocity, but a slight action on the rheostat of the 
fan permitted of bringing the speed to a constant value 
(45 m/s). 

It should not be necessary to repeat the results of 
more than one test series, since they are nearly all of 
the same degree of regularity. 



!!• Tabulation of Tempe ra tur e--He co r ding Data 



The incidence was measured with reference to the tan- 
gent to the lower wing surface (wall correction effected). 
Table I gives, for each incidence, the temperature at the 
various junctions, numbered from 1 to 12 (the temperature 
at junction R being counted as zero temperature). The num- 
ber 1 corresponds to the junction at the leading edge; 
numbers 2, 3, 4, 5, 6, 7, and 8, to the junctions at the 
upper surface nf the wing, counted from the nose toward 
the tail; numbers 9-, 10, 11, amd 12, to the junctions on 
the lower surface of the wing, counted from trailing toward 
leading edge. Eigure 8 gives, at the same time, the posi- 
tion and number of junction. 
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TABLE I 



Tem- 






Incidence' 








per- 


















ature 


-5.40° 


-3 60° 


-0 .■ 70° 


+2.20° 


+ 5° 


+ 7 R0° 


+ 1 0 70'-' 


4-1 A 7n° 


tap 



















1 


0 . 5 1 




0. 59 


0.95 


0.98 


1 . 00 


1. 02 


0.91 


0.73 


2 


1.01 


.91 


.92 


. 85 


.77 


. 70 


. 60 


.37 


3 


.82 


. 73 


.74 


.70 


.58 


.46 


.45 


.28 


4 


. 88 


.79 


.67 


.57 


. 65 


.51 


.48 


.37 


5 


.76 


. 50 


. 61 


,61 


.59 


.53 


.48 


.50 


6 


.74 


.71 


.72 


.68 


.68 


.74 


. 69 


.78 


7 


.79 


.76 


. 86 


. 8 7 


. 83 


. 85 


. 85 


. 81 


8 


.91 


. 95 


.96 


.95 


.95 


.98 


.94 


. 84 


9 


.94 


.88 


.92 


. 95 


. 86 


.95 


.91 


1.01 


10 


. 88 


. 85 


. 89 


. 89 


. 74 


. 83 


.82 


1.01 


11 


.85 


. 85 


.92 


.77 


.74 


. 83 


.82 


1 . 01 


12 


.70 


.79 


.74 


. 77 


.86 


. 89 


. 82 


1.01 



The rough result of the rnGasurcment for junction No. 4, 
for example, presents the temperature difference 6 "between 
junction 4 and that of junction R. We ea^sily pass from 

the difference G to the difference "between tem.perature 

G of junction 4 and the temperature t^ of the air in the 
air stream., "by writing: 

G - = (6 - e^) + (e^ - t,) (14) 

According to previous measurements (cf. Report No. 63 
of this series) the temperature difference "between a small 
solid conductor Pond the air, in relative displacement of ve- 
locity Vq , suhstant ially follows the equation G^ - t^ = 

4.2 X 10""® "^0^ > with v^ expressed in centimeters per sec- 
ond. ^OT = 4,500 cm/s, it is "^o ^ 0.85^ and, 
con sequent ly : 

G - t^ = e - 6^ + 0.85^ (14 his) 

These are the differences G - t^ shewn in tahle I. 
The four missing figures for junction 11 were due to an ac- 
cident on the wires connecting the junction during the test. 



rl.A.G.A. Technical LleLio randun I:To.. S33 



19 



III. l?r,e^^sviVQ TalDles 



The rough result of a pre'^.siire record is the pressure 
difference p at the particular tap and the static pressure 
p^ 'in the undisturbed air stream* The pressure difference 
p - Pq is neasured with an alcohol manometer; the successive 

pressure measurem.ent s with the same nanometer are easy since 
the pressure-tap tuhes escape t:ie air stream (fig. 10). 

Inasmuch as it is the rat^o of p p^ the dynamic 

pressure p , which is of interest in the application 

(i^ - -0.) . . . 
of the formAilas, this quantity — "T given m 

(q vV?-) 

• 0 0 ^ 

nondimensional form in taole II. The value of ---- is 

given direct "by the pitot tuhe in the undi s tur he d flow. 



TABL3 II 

































I n c i d 0 n c e 












Pre s- 






















sure 
tap 


— D 


■: r -O 


1 

-3.50'^ i 


-0.70^^ 


+2.20° 


+5" 


+ 7. so'^i 


+10.70° 


+ 14 


.70' 








i 

-1.24 








i 








1 


-2 


.89 


0 


+ 0.73 


+ 0,98 


+0.92 I 


+ 0.5 5 


+ 0 


.20 


2 


+ 


. 89 


+ .67 


+ .40 


+ .03 


-.52 


-1.12 


-1.73 


-2 


.62 


3 


+ 


. P5 


-.10 


-.49 


-.94 


-1 .40 


-1.95 


-2 .44 


-3 


.15 


4 




.10 


-.41 


-.75 


-1.10 


-1.45 


-1.87 


-2.27 


-2 


.71 


5 




.50 


-.76 


-1 


-1.2 9 


-1.51 


-1.78 


-1,9 7 


-2 


.12 


6 




. 60 


-.73 


-.83 


-.97 


-1.04 


-1 .19 


-1.19 


-1 


.02 


7 




.?7 


-.42 


-.47 


-.51 


-.53 


-.58 


-.55 




.33 


8 




. 08 


-.10 


-.12 


-.14 


-.14 


-.14 


-.12 




.27 


9 


+ 


.02 


+ . 06 


+ .09 


+ .13 


+ .17 


+ .20 


+ .22 


+ 


.25 


10 




.05 


+ .02 


+ .08 


+ .14 


+ .19 


+ .25 


+ .30 


+ 


.35 


11 




.19 


-.08 


+ .02 


+ .12 


+ .20 


+ .29 


+ .37 


+ 


.46 


12 




.76 


-.50 


-.30 


-.05 


+ .16 


+ .35 


+ .49 

_ 


+ 


.67 



IV, 



Calculation of Temioerature Difference 



The ap-olication of the formulas set up in section A 
page 7, made it possible to pass from the pressure differ^ 
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encos, or "better, of the nunber 



(P 



/2) 



; 0 t h G t e m- 



pcrature differences 6 - t 



0 o 

It ^.7as proved jus t i i ia*ble 



to enploy, instead of the complete equation (l2), the ap~» 
proximate equation (13 ), vrhich nay he expressed in the 
following form: 



: A + 



^^0 ^ 



(14) 



Here : 



"i7nence 



= 4 ,500 cn/s 
A = 4.2 X 10"^®deg./(cn/s)^ 
c^ = lo"^ ergs/.^rain deg. 



e ^ to=2025 X 10^ (^4.2 X 10^^ + - 



T) - "0 



X 0.8 X 10^^^; 



e - t^ = 0,85^ + 0.16^ 

^ 0 



(15) 



Then it is easy to pass from tahle II to tahle III, 
contains the tempera 
tained \7ith equation (is). 



^.vhich contains the tem.perature differences 6 - t^ o'd- 
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TABLE III 



Temp . 


















dif- 






mciacnco 








fer- 














+10.70° 




ence 


-8.40° 


-3.60° 


-0.70° 


„ 0 

+ 2.20 




+7. 80° 


+14.70 


tap 


































1 


0-.38 


0.65 


0. 85 


0 »3 ( 




1.00 


0.94 


0.82 


p 


. 99 


.9-6 


.91 


. 85 


.77 


.66 


.57 


.43 


3 


.89 


. 83 




.70 


.63 


.54 


.46 


.35 


4 


..33 


.78 


.73 


. D ( 


.62 


.55 


.49 


. 42 


5 


. 77 


. 73 


. 59 


. 54 


. 61 


.57 


♦ .54 


.51 


6 


.75 


.74 


.72 


.69 


.69 


.66 


. 56 


.69 


7 


.79 


.78 


, 77 


.77 


.77 


.76 


.76 


.30 


8 


. 84 


.'84 


. 83 


.83 


.83 


.83 


.83 


. 81 


9 


. 85 


.86 


.87 


. 87 


. 88 


. 88 


. 88 


. 89 


10 


. 84 


. 85 


, 85 


. 87 


. 88 


. 89 


i .90 


.91 


11 


.82 


.84 


. 85 


. 37 


. 88 


.90 


.91 


.92 


12 


.73 


.77 


.80 


. 84 


.87 


.91 


..93 


.96 










i 









V. Accuracy of tlio Procodinr';: Data 



1. First, it is attornptcA to ascertain the decree of 
accuracy v/hich nay "^oe looked for in the experimental evalua- 
tion of 6 - t^ (equation 14). 

According to -table I, the temperature difference 9-6^ 
"between tlie relevant Junction and junction R does not ex- 
ceed, in absolute value, by the experimental conditions 
(vq = 45 m/s); it is repeatedly of the order of l/lO^. How- 
ever, the experience we were able to gain in the many temper- 
ature measurements so far, does not permit us to .guarantee 
this temperature difference any closer than around l/20 . 

The same absolute error fig'ures in the term 6^ - t^ 
and, for v^ ^ 45 m/s, this term may be considered as rang- 
ing between 0.8^ and 0.9^. 

Lastly, 6 - tp may be affected by an absolute error 
of Cl^. The measurement s ■ are therefore not very accurate, 
since the numerical values do not exceed 1^. should have 

more accurate measurements at much higher speeds, and it 
might have been interesting, if this had been possible, to 
mount the model in a hi^h-spoed tunnel. 
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2. The result of computing 8 - t^ "by means of enua- 
tion (15) is, as the experimental errors, such as o.ffects 

_1p_-_Po_ 



These errors amount, at the most, to 2 to 3 

. VP 1 

0 0 



percent. Sut allowance should also he made for the large 
systematic error vrhich may follow the choice of the con- 
stant A. We took A = 4.2 x 10""®, which we had ohtained 
precisely in the wind^-tunnel tests for a wide range of 
speeds, DUt ' it may he that in actuo-1 tests the value of A 
drops to 4.0 X 10"*^; in this particularly unfavorahle 
case the formula for 6 - tQ hccomes: 

■0 - X) 

e ^ t^ = 0. 805^ + -0.2025° 



p 

r 0 n 



The discrepancy^, as comp?Jrcd with eq_uation (15), then 
exceeds 0.10°. 

On the oasis of these ar.-^umcnts as regards accu- 
racy, v;hich is the hotter formula for comparing the re-- 
suits - equation (14) (experimental), or equation (15) 
(theoretical)? The accidental errors heing sm.all in the 
figures of tahle III, the curves ohtained are regular, 
starting with these figures, cither hy plotting the tem- 
perature readings (values of 6 - t^ at va^rious points of 
the wing for a given incidence), or hy plotting 6 
against the incidence for given point. Plotting the ex- 
perimental points ohtained hy means of equation (14) on 
the preceding graphs, we either find the points located 
near the plotted curves - in vniich case the theory is ver- 
ified \7ithin the indicated accuracy - or else distinctly 
greater discrepancies. In the latter case it mayr he at- 
tempted to ascertain whether a slightly different value of 
constant A would hring the curve closer to the experi- 
mental values. 



VI. Temperature Readings 

To plot the temperature readings (figs. 15 to 22), we 
take the normals to the 12 points of the wing to which the 
pressure or temperature corresponds, and trace on these nor- 
mals lengths proportional to the figures contained in an 
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identical column of ta"ble III. The points thus ootained 
are then connected "by solid line. IJear the leading edge 
the trace of reading is not very accurate oecause of the 
great airfoil camher; in fact, in spite of the scarcity of 
test orifices in this zone, the points are fairly distant 
from each other. moreover, a slight mistake in the posi- 
tion of test orifice no. 1, entails a great change in di- 
rection of the normal and consequently, in the position of 
the corresponding figurative point. 

Then the values figuring in the corresponding col\imn 
of tahle I are indicated on the same normals and the ex- 
perimental points marked without plotting the curve. 

Examination of the oi,:;ht readings corresponding to 
the eight explored incidences allows the comparison of the 
theoreticavl and exper im.cn tal results. 

VII. Temperature Variat ion Curves against Incidence 

The comparison is facilitated if the figures corre- 
sponding to one line of the tallies are plotted on the same 
chart -that is, to say, for one temperature tap.^ The re- 
sult is then the temiperature variation versus incidence; 
the solid dash corresponds to the figures of tahle III 
(theory), and the dots to the figures in taolo I (test data). 
The result is: 12 charts (figs. 23 to 34) for 12 test taps. 

VIII. Comparison of Theoretical and Experimental Results 

On the whole, the experimental points approach the 
theoretical curves to within less than C.IO*^. If the 
points corresponding to lead 2To • 8 are eliminated, for^ 
three mea,suremen t s alone (four - twenty - four), the dif- 
ference exceeds: (incidence -5.40^ and junct ion i.o • 1; 
0.11, incidence -3.60^ and junction Jo. 5; 0.13 , incidence 
+ 10.70^ and junction Ho. 12; 0.11°, differences v:hich are 
still compatihle with what we could expect in the experi- 
ment s . 

The points are stationed - sometimes a'oove, sometimes 
oelowthe^ curves, which precludes the existence of large 
systematic departure. Hovi-ever, :^or lead ITo . 8 (fig. 30),. 
the experimental points are distinctly ahove the curve; 
perhaps a structural defect (defective level of the junc-^ 
tion, defect in the th-rmocouplo circuit) was the cause of 
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tion, defect in the thermocouple circuit) was the cause of 
these -differences. 

It may he concluded from the fore.^oing results that 
formula (lb) represents the experimental results ootained 
on the model and that the theory exposed in section A 
surely constitutes a first acceptahle a-i-oroximat ion . 



D. RESULTS 0? TESTS «7ITH A 17I1TG 
I. Test Oond-iticns 

The measurements v;cre made ITovemher 17, and 18, 1936, 
in the large wind tunnel at Ohalai s-Meudon . Here, the 
wing incidence adjustment required the stopping of the 
tunnel. Aga,in it v/as necessary to malce eight series of 
measurements corresponding to different incidences (-6.1^ 
-3.1^ 0^ 3.1^ 6•l^ 9.1\ 12. 2^ 15.4^). These inci- 
dences are those of the tangent to the lower c-moer of the 
G-ottingen airfoil section IIo . 387; they were corrected for 
wall effect. The air speed ranged around 38 m/s. Only 
one test series, that of incidence 6.1^', was repeated ai-- 
tor a one-day interval. 



Temperature Reccrdin.-r Tahle 



Tahle 17 gives, for each incidence, the valu.e of tem- 
perature difference 6 - t^ at the different junctions 
marked from 1 to 13 (6, junction temperature; t^ , temper- 
ature of air in infinite stream). Junction ITo . 1 corre- 
sponds to that located at the leading edge; those from 2 
to 8, to junctions on the top cam.ber, counting from nose 
to tail; i^ios. 9 to 13, to the junctions on the "bottom cam.- 
her, counting from tail toward leading edge. Figure 12 
illustrates "both the location and numocrs of the junctions, 

Again, the rough result of the measurement is the dif- 
ference Dotweon tempGratu.rc G of the junction and tem- 
perature 6^ of the reference junction r located a lit- 
tle upstream from the wing. We pass from 6 - to 
6 to hy adding the term G^ ^ t^ which, for 38 m/s 
speed, is noout 0.60^ (formula G^ - t^ = 4.2 x IQ-® v^ ^ 

is used consistently). These are the differences ^ - 
given in taole IV. 
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TABLE IV 



Te s t 






I 


n c i d e n c e 








0 r 1 — 


-5.10° 




+0° 




1 








f i C 6 G 


-3.10° 


+ 3 . 10° 


+ 5 . 10° 


+9 . 10° 


+12 .20° 


+16 .40° 


1 


0.56° 


0.62° 


0.71° 


0.73 


- . - ■ 
0.60 


■ 

0.71° 


0.56° 


0.39° 


o 


.73° 


.68° 


.67° 


c n C 


r, 0 C 


■ .35° 


.24° 


.16° 


3 


.58° 


.52° 


.49° 


.44° 


.37° 


.26° 


.18° 


.10° 


4 


.56° 


, 5 0 0 


.45" • 


.320 


.380 


.220 


.210 


.150 


5 


.43° 


.46° 


.42 0 


.37° 


.44° 


.32° 


.31° 


.34° 


5 


r; 0 


.52° 


.47° • 


.54° 


.49° 


.5 0° 


.44° 


.51° 


7 


.5 8° 


.59° 


.57° 


.50° 


.5 6° 


.5 7° 


r, qO 


.54° 


8 


.620 


.66° 


.69° 


.65° 


.63° 


.64° 


.64° 


.56° 


9 


.610 


. 62° 


.65° 


.65° 


.64° 


.65° 


.66° 


.65° 


10 


r Q 0 
• »> 


.62° 


.610 


.550 


.620 


. 65 0 


.670 


.670 


11 


.55° 


.5 8° 


.61° 


.54° 


.62 0 


.65° 


.67° 


,68° 


12 


.48° 


.58° 


.56° 


.61° 


.62° 


.69° 


.70° 


.72° 


13 


.31° 


.40° 


.48° 


.50° 


.63° 


.70° 


.68° 


.720 



III, Pressure Recording -a*ble 

Tov;ard the middle o:^' a test ceries a multiple manometer 
connected to the different pressure taps is pho t o -i^raphed • 
We thus ohtain 



TABLE 7 



■Te <ot 
ori- 
fices 


-6 


.10° 


-3.10° 


0° 


[n c i dene 
+ 3.10°j 


e 

+5.10° 


+9 . 10° 


+ 12 .20° 


+16.40' 


1 


0 


.30 


r 1 

0.'66 


1.00 


1.00 j 


Oc 76 


0.31 


-0.48 


-1.10 


2 




.92 


. 79 


.42 


-.21 ! 


-.71 


-1.38 


-2.09 


-2 .47 


3 




.13 


-.'11 


-.48 


-.98 i 


-1.41 


-1.37 


-2 .31 


■ -2.37 


4 




.37 


- .5 3 


-.86 


-1.22 ■! 


-1.5 0 


-1.75 


-2.00 


-1.85 


5 




.55 


-.67 


-.86 


-1.04 1 


-1.18 


-1.28 


-1.3 3 


-.89 


6 




.40 


-.44 


-.54 


-.5 8 i 


-.52 


-.54 


-.51 


-.55 


7 




.21 


-.23 


-.27 


-.27 1 


-.27 


-.24 


-.23 


-.54 


S 




.07 


.07 


.07 


.09 i 


.07 


.04 


-.13 


-.47 


9 




,10 


.11 


.14 


.18 1 


.19 


.20 


.19 


.11 


10 




.00 


..02 


. 09 


.15 


.20 


.25 


.27 


.27 


11 




.18 


-.10 


.01 


.13 


.22 


■ .30 


.35 


. 41 


12 




• 0 9 


-.42 


-.14 


.14 i 


.31 


.46 


.62 


.70 


13 


-1 




-1.10 


-.48 


. 05 1 

[ i 


.38 


■ .57 


.87 


.97 

■ 
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which contains the differences Dotr^Gen the pressure p ^at 
the various pressure taps and the static pressure Pq in 
the undisturhed stream. A second manometric tuhe connected 
to a pitot tuhe gives the value of ^o^^^ ^"^^ 

instant. These values arc given nondinen s ionally (p Po V 
(po ^0^/2) in tahle V. 

IV. Calculation of Temperature Differences 

(P Po ) . 
As oefore, the chan^^e from o'7~T temperature 

(Po ^oV2) 

differences Q ^ is effected "by means of formula: 

and on the oasis of A = x 10-®deg./(c3i/s )^ and Cp = 10 

ergs/^;ram deg., "out, here, Tq = 3,300 cm/ s , hence: 

e - = 0.60"' + 0.12° -----07- (1^) 

Po ^0 /2 

The temperature differences 6 - computed "by means 

of equation (15), are taljulated in taTjlc VI. 



TABLE VI 



Test 
ori- 
fices 






Incidence 








-6.10° 


-3.10° 1 


r 

0° 


T 

".10° 


C) .10 1 


9.10° 


12.20° 


16.40° 


















1 


0.63° 


0.68° 1 


0.72° 


0.72° 


0.69° 


0.64° 


0.54° 


0.47° 


2 


.71^ 


.69° 


.65° 


.57° 


.51° 


.43° 


.35° 


.30° 


3 


.61° 


.59° 


.54° 


.48° 


.43° 


.38° 


.32° 


.32° 


4 


.56° 


.54° 


.50° 


.45° 


.42° 


.39° 


.36° 


.38° 


5 


.53^ 


.52^ 


.50° 


.47° 


.46° 


■ .45° 


.44° 


.49° 


6 


.550 


.55^' 


.53° 


.53° 


.53° 


.52° 


.54° 


.5 3° 




.58° 


.5 7° 


.57° 


.57° 


.58° 


.5 7° 


. , .57° 


.53° 


8 


.5-1^ 


.61° 


.610 


.61° 


,61° 


.60° 


.58° 


.54° 


■9 


.61° 


.61° 


.62° 


.62° 


■ .62° 


.62° 


.62° 


.61° 


10 


.60° 


,60° 


.61° 


.62'^ 


.620 


.62° 


.63° 


.63° 
.64° 


11 


,58° 


.55 ° 


.60° 


. 62° 


.63° 


.64° 


.64° 


12 


.5:3° 


.55° 


.58° 


.62° 


.64° 


.65° 


.67° 
.70° 


.67° 
.72° 


1.'^ 


.42'- 


.48° 


.54° 


.61° 


.65° 


.68° 
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T. Accuracy of Results 

As in the Liodel tests, the direct measurements of 
G - t^ are suhject to an error of 0.1^. T7hen the speed 
is slower the accuracy certainly is not as good as in the 
mo del t e st s . 

Then, too, since the measurements vrere not, as a rule, 
repeated, there is no inforrxation as to the fidelity of 
the measurements. ?ive series of tests ^^^ere made on Novem- 
her 17 (incidences --o.l^, --3.1^, 0^, S.'l^, 6.1^; for the 
next day (incidences 6.1'\ 9.1^, 12.2^, 16.4^); those for 
6.1^ v/ere repeated tv/o days later. The results were as 
f 0 1 1 o v: s : 



Te'3t 
orifice 


1 


2 


3 


r 

4 


5 


r 1 
6 


7 


Nov. 17 


0.66° 


0.52° 


0.37° 


0.3 8° 


0.44° 


0.49° 


0.56° 


Nov. 18 


.68° 


.46° 


.30° 


.28° 


.34° 


.48° 


.58° 


Te st 
orifice 


8 


9 


10 


11 


12 


13 




Nov. 17 


0.63° 


0.64° 


0.62° 


0.62° 


0.62° 


0.63° 




Nov. 18 


.64° 


.63° 


.63° 


.64° 


.62° 


.60° 





The fii-ures at times are distinctly different; "besides, 
even the pressure measurements themselves manifest notahle 
discrepancies, as seen from the following: 



Test 
orifices 

Nov. 17 
Nov. 18 


1 

0. 76 
.65 


p 

-0.71 
-.93 


3 

-1.41 
-1.55 


r 

4 

-1.50 
-1.57 


5 

-1.18 
-1.21 


6 

-0.62 
-.62 


7 

-0.27 
-.25 


Test 
orifice s 


8 


9 


10 


11 


12 


13 




Nov. 17 
Nov. 18 


0.07 
.05 


0.19 
.19 


0.20 
.20 


0.22 
.23 


0.31 
.34 


0.38 
.48 
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In the face of such discrepancies, which are much 
greater than in the model test, the interest in the win^ 
measurement drops con s ide ra oly • To compare the theoreti- 
cal (tahle VI) with the experimental results (tahlc IV), 
V7Q limit ournclves to plottin,^ the temperature readings. 



YI. Temperature Headin<5s 



The procedure is the same as for the model; the curves 
present the theoretical 6 - t^ , and the points, the cor-- 
responding experimental values. The ei>^^ht readin.^s (fi^p^s. 
35 to 42) relate to the eight explored incidences. The 
graph for 6.1^ was plotted hy means of the value s . observed 
on ITovemoer 17. 

VII. COMPARISON 

The tests made on ITovemher 17 must he separated from 
those made on ITovemher 18. 

As to the five test series of ITovemher 17, it may -De 
said that the experimental check with the theoretical re- 
sults. The discrepancies do not exceed 10^ except for two 
points over 65 and they correspond to two consecutive 
measurements (test orifices 4 and 5, inci'.'ence 3.1 ). 

Contrariwise, the three test series of ITovemher 18, 
disclosed large and systematic discrepancies at orifices 
2, 7> , 4, and 5 which, at great positive incidences, corre- 
spond to the depression zone over the top surface. One 
plausiole explanation for this strange /oehavior is that 
the im-outed ohservat ions are precisely those made at the 
beginning of the tests. The tests may have oecn made 
rather fast on Novomher 18 - the steady regime not quite 
reached - so that the junctions had not as yet attained 
their steady temperature at the time the measurement was 
taken. In fact /as already stated in V (p. 27), the^^lTovem- 
her 18 measurements do not seen to confirm those of llovem- 
"ber 17, and this holds for hoth the temperature and the 
pressures. I do not think that m.uch importance attaches 
to the discrepancies of Hovemher 18. 

In conclusion, and hearing in mind - ahove^all - the 
fidelity of the results observed on the model, it may ho 
said that the simple theory explained in section A, is 
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practical enough for evaluating the temperatures at differ- 
ent points of a single wing and deducing the distril^ut ion 
of the pressures and tenpcrature s . In particular, in the 
case of the wing investigated here, we take as results to 
he examined, those which express the theoretical curves 
plotted ahove (figs. 35 to 42). 

D. APPLICATIOIT OF TEMP3IIATURE MEASUREI/IEITTS CIT A 
I, Wing Warner Than Air 

The plotted temperature readings prove that in stea,dy 
regime the different zones of a wing are all warmer than 
the air in which the v;ing moves, 

1. At points of the wing where positive precsure 
prevails, the heat effects due to friction and those due 
to compression, all contrihute separately to the heating 
of the wing. The positive pressure, incidentally, is maxi- 
mum in the dead point, for v.rhich v/e have the equa,lit7/ 

p t= p + p V 2/2? for this iDoint (p - p^ )/ (p^ v^^/^) is 
"-0 ^00' -^o^'oo' 

maximum and equal to 1. Consequently, according to equa- 
tion (13), the heating is also maximum and equal to 




which, with Cp = lO'^ ergs/gram deg. , gives: 

to = 5 X 10-" 

Hence, at points of the wing where it is maximum, the 
heating reaches 5^ for a speed of 360 k.p.h. (223 n.p.h.). 

2, At the points on the wing where depression pre-- 
vails, the thermic effects due to friction and those due 
to depression are restrained, hut the usual result is a 
heating oecause the thermic effect due to friction exceeds, 
as a rule, that due to depression. What is necessary, in 
fact, in order that a point of the wing shall have the tem- 
perature of the undisturhed flow? It is necessary that the 
value of (p - PoV(Po ^o^ /'^ ^ ^'^ ^"^^^ ^^^^^ ^'^^ difference 
G t^ hecomes zero: 
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G - to = lA + (--- 



v:hich a'ives 



Po v//2 



iTitn A = 4.2 X lO--® deg./(cn/s)' 



4.2 



This value in not encountered in ordinary flying con- 
ditions. 



II. Change of Temperature with the Speed 

The tenperature at the various points increases propor- 
tionally to the square of the speed if the lav/ of pressure 
distrihution - that is, to say, the local values of 
(P - Pn)/(P ^ - does not vary with the Reynolds Hum- 

u ' o 0 

Dcr (equation 13). 

In passin.^ frori the model to the win'^ tests, the dimen-- 
sions are altered in the ratio of 5 to 1.1, and the speed 
in the ratio of 38 to 45, so that the Reynolds ITum'ber is ap-» 
proximately multiplied hy 4. Are the values of (p Pq V 
(p V 2/2) noticoahly changed? The test tans, numhers 3 

0 0 

and 12 on the win;-^ (one on top, the other on hottom sur-- 
face) are plainly coincident with those on the model. Plot- 
ting for taps 3 and 12, the curves giving (p - Po VPc ^o^/''^ 
against the incidence (figs. 43 and 44) it is ohserved that, 
even when disregarding that which occurs at high incidence 
where the discrepancies are very pronounced, the differences 
"between the curves for the wings and those of the model arc 
largely ahovo 10 percent. These differences can even "become 
greater if one passes from the case of the wing at 38 m/ s 
to the practical case of a wing at 76 m/ s (270 k.p.h,). 
Hence the statement that this local heating is proportional 
to the square of the speed, is an approximation. 
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III, TemporaturG Distribution 

1. Toward tlio tail the temperature always approaches 
the value 

e = t + 4.2 X 10"'® 

0 

It is little aiTrected oy the incidence of the wing. 

2, But, near the leading edge the results vary with 
the incidence. For ne^ntive incidence that is, toward 
the top camoer - the temperature is higher, while on the 
"bottom camoer a depression zone defines the cooler region. 
At positive incidence the depression passes to the top 
camher; it is there that elevation of the temperature will 
"be least* The hottom camhcr, on the contrary, is the hot 

z one • 

Some figures are given for o.n airplane at 300 k.p.h, 
(ohtained on the premise of local heating proportional to 
the square of the speed). At -6^ incidence, the excess 
e - t^ of local temperature G over the air temperature 
to is in proximity of the leadin.^; edge - 1.5^ toward the 
hottom camoer, while reaching 3.5^ toward the top camoer. 
At positive incidence the excess G - t^ is 3.5 at the 
leadin- edge hut may drop over the top camher as much as 
1,5^ for 15^ incidence. 

IV. Effect of the ITature of the Wing 

It is to he rememhered that the experiments wore made 
on a single wing and that no allowance was made for the 
thermal conductivity in the wing mass. Incidentally, the 
heat exchanges of a wing with the atmosphere (hy forced 
convection) are of greater importance than those which 
may he ohserved in the material (hy conduction); the thick- 
ness of the metal of which the wing is made is always small. 
The substitution of a metal wing for an isolated wing evi- 
dently acts in the sense of making the temperatures uni- 
form, tied to the existence of a heat flow from the warmer 
toward the cooler points, hut the results will nevertheless 
not he suDstant ially different* 

Translation hy J. Vanier, 
National Advisory Comm.ittee 
for Aeronautics. 
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Fig. 1 




Figure 1.- Curves of constant heating giving excess temperature 
of a Baiin antenna at altidude 0^. 
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Figs, 2,3 



50 



25 




Wind v elocity (km/h) 

0 • 200 400 .-00 800 
Figure 2.- Curves of constant temperature difference giving the heat 
50 of ,0- -i^ad in antenna at altit_ude_0£^ 
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Figure 3.- Effect of altitude on temperature difference of a Badin 
antenna at 15.9 v^att power input. 
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Figure 4.- Iffect of altitude on the power dissipation of the 
Badin anemometer having a temperature 25^ higher 
than the atmosphere. 

A ^ p 
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Figure 5.- 



In itial t e mpera tjir e 

0 -5 -10 -15 

Curve of energy required for de-icing in relation 
to initial temperature. 
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Figure 6.- Curve of energy required for de-icing plotted against 
horse power, (initial constant temperature) 
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Figure 8.- Pressure and ton:perature statisns on the raodel. 
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Figure 9,~ Temperature 
tap fitting. 
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Figure 11.-- Circuit <5f 

tnerinocouples( 3) 
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Fig. 13 
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Fig-are 13.- Mounting of thermocouples in the wing. 
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Fi^s. 15,16 




Flexure 15*- Temperature record at-6,40^ incidence( model) . . 




Fi.jare 16.- Temperature reccrd at-3.60^ incidence(model) 
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Pigs. 17,18 




Figure 17.- Temperature record at .7^ incidence(nodel) 
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J^igure 18.- Temperature record at 2.20 



inciaence(micdel) , 
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Pigs. 19,20 




Figure 20.- Temperature recorl at 7,80° incidence, (model) 
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Figs. 21,22 
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Figs. 23,24,25 
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Figure 23.-- Temperature curres of tap 1 pletted against the angle 
of at tack( model) 
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Figure 24.'^Temperature curves ef tap 2 plotted against the angle 
•f attack( model) 
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Figure 25.- Temperature curves ef tap 3 plotted against the angle 
of attack( model) 
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Figs. 28,27,28 
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Figijre 26.- Temperature curves of tap 4 plotted against angle of 
attack. (model) 
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Figure 27.- Temperature curves of tap 5 plotted against angle of 
attack, (model) 
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Figure 28.- Temperature curves of tap 6 plotted against angle of 
attack, (model) 
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Figs. 29,30,31 
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Figure 29.-- Temperature curves cf tap ? plotted against the angle of 
at tack( model) . 
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Figure 30.^ Temperature curves of tap 8 plotted against the angle of 
attack(model) . 
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Figure 31.- Temperature curves rf tap 9 plotted against the angle of 
at tack( model) . 
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Figs. 32,33,34 
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Figure 32,- Temperature curves of tap 10 plotted against angle of 
attack, (molel) 
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Figure 33.- Temperature curves of tap 11 plotted against angle of 
attack, (model) 
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Figure 34,- Temperature curves of tap 12 plotted against angle of 
attack, (model) 
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Figs. 35,36,37 
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Fi^^rure 36.- Temperature rt^corl at -3,1*^ incidence, (vvin^) 




Fi^re 37,- Temperature record at 0^ incidence, (wing) 
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Figs. 38,3y,40 




FifiTire 40.- Temperature record at 9,1*^ inciience. (v^ing) 
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Figs. 43,44 
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Fig. 43.- Comparison of results obtained on niedel and rn wing 
at pressure tap No. 3. 
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Fig. 44.- Ctmparison of results obtained with the model and the 
wing at pressure tap No. 12. 



